Abstract The purpose of this study was to further evaluate the therapeutic efficacy of convection enhanced delivery (CED) of carboplatin in combination with radiotherapy for treatment of the F98 rat glioma. Tumor cells were implanted stereotactically into the brains of syngeneic Fischer rats, and 13 or 17 d. later carboplatin (20 lg/10 ll) was administered by either CED over 30 min or by Alzet osmotic pumps (0.5 lg/ll/h for 168 h.) beginning at 7 d after tumor implantation. Rats were irradiated with a 15 Gy fractionated dose (5 Gy 9 3) of 6 MV photons to the whole brain beginning on the day after drug administration. Other groups of rats received either carboplatin or X-irradiation alone. The tumor carboplatin concentration following CED of 20 lg in 10 ll was 10.4 lg/g, which was equal to that observed following i.v. administration of 100 mg/kg b.w. Rats bearing small tumors, treated with carboplatin and X-irradiation, had a mean survival time The present survival data, and those previously reported by us, are among the best ever obtained with the F98 glioma model. Initially, they could provide a platform for a Phase I clinical trial to evaluate the safety and potential therapeutic efficacy of CED of carboplatin in patients with recurrent glioblastomas, and ultimately a Phase II trial of carboplatin in combination with radiation therapy.
studies carried out almost 30 years ago at The Ohio State University with the F98 glioma model, Kaneko et al. [7] reported that systemic administration of cisplatin in combination with radiation therapy (RT) produced a significant prolongation in both median and mean survival times (56 d) and a 25% increase in life span (%ILS) of tumor bearing rats compared to radiation alone (44 d) . Not long after, the European Organization for Research and Treatment of Cancer carried out a randomized clinical trial involving 285 patients to evaluate the effects of systemically administered cisplatin, with concomitant RT, to patients with supratentorial malignant gliomas [8] . This study failed to demonstrate any improvement in either progression free or overall survival times and it brought to an end any further clinical studies to investigate the combination of cisplatin and photon radiation to treat high grade gliomas.
The use of platinated drugs to treat brain tumors has been limited, not only by their systemic toxicity [9] [10] [11] [12] , but also by their poor ability to penetrate an intact blood-brain barrier (BBB) [13] , as well as those areas where there are microinvasive deposits of tumor. Several approaches have been proposed to bypass the BBB and deliver anticancer drugs directly to brain tumors, thereby increasing tumor drug concentrations and reducing the associated systemic toxicity. These methods include direct intratumoral (i.t.) bolus injection [14] and convection enhanced delivery (CED) of drugs via catheters placed into the tumor [14] [15] [16] [17] . Using these two approaches, Elleaume and her research team at the European Synchrotron Radiation Facility in Grenoble, France, initiated their studies on intracerebral (i.c.) delivery of either cisplatin or carboplatin in combination with RT using either a synchrotron source or 6 MV photons produced by a linear accelerator (LINAC). They have carried out extensive animal studies demonstrating that i.c. delivery of these drugs, combined with RT have produced the best survival data that ever have been reported with the F98 rat glioma model [18] [19] [20] [21] .
Although no animal tumor model can exactly simulate human high grade gliomas, the F98 glioma has a number of characteristics that make it an excellent choice for the evaluation of innovative therapeutic modalities. These include its invasive pattern of growth within the brain, lack of immunogenicity, lethality with an inoculum of as few as 10 tumor cells, and until our recent studies, an inability to obtain high cure rates for this tumor by means of a variety of therapeutic modalities, including chemo-, radio-and immunotherapy and gene therapy [22] . Recently, we have reported that the combination of a 1 week i.c. infusion of carboplatin by Alzet osmotic pumps and RT have resulted in a mean survival time (MST) of 142 ± 21 d. with a cure rate of 55% [20] in F98 glioma bearing Fischer rats. Similar data also have been obtained using short term CED or i.t. injection of cisplatin [18, 21] or carboplatin in combination with RT [19, 20] . The only other comparable survival data with the F98 glioma model were obtained with Boron Neutron Capture Therapy (BNCT) using a combination of two boron containing drugs, boronophenylalanine and sodium borocaptate, administered via the internal carotid artery, together with BBB disruption [23] .
In the present study, we have further evaluated the therapeutic efficacy of carboplatin in combination with X-irradiation for treatment of brain tumors using the F98 glioma model. We have extended our previous observations [18] [19] [20] [21] relating to this chemoradiotherapeutic modality and have characterized the neurotoxicologic changes associated with this treatment in non-tumor bearing animals. Finally, the efficacy of CED of carboplatin and X-irradiation have been compared to that of temozolomide (TMZ) and RT, which currently is the standard of treatment for high grade gliomas [24, 25] and have shown that the former is far more effective than the latter for treatment of the F98 glioma.
Materials and methods

F98 rat glioma model
The F98 rat glioma was derived from an undifferentiated neoplasm that was induced in the progeny of a pregnant CD Fischer rat that had received an injection of N-ethyl-Nnitrosourea. It has been propagated in vitro and in vivo since 1971 and, as described in a recent review [22] , it has been used in a wide variety of studies in experimental neurooncology. Molecular markers include deletion of p16/ Cdkn2a/Ink4a genes; increased expression of PDGFb, Ras, EGFR, cyclin D1 and D2 and it is MGMT negative. F98 cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT), 100 units/mL penicillin, 100 lg/mL streptomycin and 2 mM L-glutamine. Fischer rats (Animal Production Branch National Cancer Institute, Frederick, MD) weighing 220-240 g were used in the present study. A stereotactic implantation procedure, which has been described in detail elsewhere [26] , was employed. F98 cells at a concentration of either 10 3 cells/10 ll (therapy studies) or 10 5 cells/10 ll (biodistribution studies) in DMEM containing low gelling temperature agarose were injected into the right caudate nucleus over 10-15 s through a small entry port of the plastic screw.
Biodistribution of carboplatin in F98 glioma bearing rats Eleven to 13 d after tumor implantation of 10 5 cells, when clinical signs of a progressively growing i.c. tumor were evident, biodistribution studies were initiated. Carboplatin (Hospira Inc. Lake Forrest, IL) was diluted in normal saline to the desired concentrations and was administered by CED at a flow rate of 0.33 ll/min (20 lg/10 ll) over 30 min, using a 10 ll Hamilton syringe, as previously described by us [27] . Immediately following termination of CED, samples of blood were taken, following which the animals were euthanized, their brains were removed, the tumors and brain around tumor (BAT) were carefully dissected out from surrounding normal brain weighed, frozen, and stored at -70°C. Samples of liver and kidneys also were taken for Pt determinations. Additional studies also were carried out in tumor bearing rats to determine the biodistribution of carboplatin following intravenous (i.v.) injection via the penile vein of either a myelotoxic dose of 25 mg/kg b.w. or a lethal does of 100 mg/kg b.w. [10, 11] . The animals were euthanized 2.5 h later. Platinum determinations were performed at a later date by means of Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) (Varian 720-ES, Palo Alto, CA). Based on Pt concentrations, the concentrations of carboplatin (M.W. 371 Da) were calculated by multiplying the Pt values by 1.90.
Magnetic resonance imaging
In order to determine the distribution of carboplatin in real time following CED, magnetic resonance imaging (MRI) was carried out. T2-weighted images were acquired before administration of carboplatin admixed with Gd-DTPA (1:70 dilution) (Magnavist, Bayer Health Care Pharmaceuticals). The molecular weights of carboplatin (371 Da) and Gd-DTPA (938 Da) were close enough to make the latter a reasonable surrogate marker for the former. This was administered by CED over 30 min (20 lg/20 ll) to F98 glioma bearing rats. MR scans were acquired before treatment, immediately after, and at various times posttreatment using a 7T, horizontal bore Varian (Palo Alto, CA) Direct Drive system with a quadrature rat head coil (Doty Scientific, Inc., Columbia, SC). Anatomical images, used for image localization over the tumor volume, were acquired using a T2-weighted fast spin-echo sequence with the following parameters: TR/TE = 4000/60 ms, field of view (FOV) = 30 mm, matrix size = 256 9 128, slice thickness = 1 mm, 2 averages. T1-weighted spin-echo images were acquired, for observation of tissue Gd uptake, using the following parameters: TR/TE = 510/15, FOV = 30 mm, matrix size = 128 9 128, thickness = 1 mm, 2 averages. Image analysis was performed using software developed in the Department of Radiology, University of Michigan (MATLAB, The MathWorks, Inc., Natick, MA). Images were interpolated to a matrix size of 256 9 256. Volumes of interest (VOI) were drawn on the T1-weighted images, encompassing the entire hyper-intense region and sometimes a hypo-intense region in the center due to Gd susceptibility effects at high concentrations, in order to quantify the volume of distribution of Gd-DTPA in the tissue [28] .
In vitro studies
In order to assess the in vitro effects of carboplatin alone or in combination with X-irradiation clonogenic assays have been carried out. To assess the effects of X-irradiation, with or without carboplatin pretreatment, cells were grown in 6-well plates (#3046, Becton Dickinson Labware, Franklin Lakes, NJ), following which they were trypsinized and transferred to 1.5 mL microcentrifuge tubes. They then were irradiated with a 7 Gy dose of 6 MV photons at a dose rate of 2.5 Gy/min, delivered by a linear accelerator (LINAC) (Siemens Medical Systems, Inc., Malvern, PA) located in the O.S.U. Department of Radiation Oncology. Following this, clonogenic assays were performed. Colonies with [50 cells were counted under a dissecting microscope and the surviving fractions (S.F.) for each treatment group were calculated. In a second study, F98 glioma cells were pretreated with either 1 or 2.5 lg/ml of carboplatin followed by X-irradiation with 0, 1, 2.5, 5,10, 15, and 17.5 Gy. Sensitization enhancement ratios (SER) were calculated by dividing the S.F. of cells that had received X-irradiation alone by the S.F. of those that had been pretreated with carboplatin in order to characterize the dose dependency of combined treatments.
The combination index (CI) method of Chou-Talalay [29] [30] [31] has been used to quantify synergism or antagonism using the CompuSyn software of Chou and Martin [32] where CIs \1, =1, [1 indicates synergism, additive, and antagonism, respectively. The in vitro combination for X-radiation (varying doses of 1, 2.5, 5, 10, 15, and 17.5 Gy) ? carboplatin (at 2.5 lg/ml), was performed (i.e., the non-constant ratio design). At the same time, the doseeffect curves for each treatment alone were carried out to determine the dose-effect parameters 2 and these parameters were used to calculate the CI for combinations, where CIs \1, =1, [1 indicate synergism, additive, and antagonism, respectively, using the CompuSyn software.
Neurotoxicologic studies
All of these studies were carried out in non-tumor bearing Fischer rats. Carboplatin was administered into the striatum either alone or in combination with X-irradiation. X-irradiation was performed, as described in the following section, and consisted of three 5 or 8 Gy fractions, administered over 3 d beginning 6 or 24 h following drug delivery. All animals were monitored clinically and weighed 39 per week. A weight loss of[20% was taken as evidence of significant toxicity. Initially, a dose escalation study was carried out. Carboplatin (10, 20, or 40 lg) was administered by CED (10 ll at 0.33 ll/min for 30 min) and the animals were euthanized at either 3 d or 3 weeks later. Next, carboplatin (100 or 200 lg in 200 ll) was administered by Alzet pumps (Durect Corp., Cupertino, CA) over 7 d (1 ll/h) and the animals were euthanized on d 14. Based on the results of the dose escalation studies, the combination of carboplatin and X-irradiation was evaluated. Rats received carboplatin by CED (20 lg in 10 ll over 30 min), followed by X-irradiation beginning at either 6 or 24 h later of fractionated doses of 15 Gy (3 9 5 Gy) or 24 (3 9 8 Gy). The animals were euthanized at 3 d, 3 weeks, or 3 months later and their brains were removed, fixed in 10% buffered formalin and processed for neuropathologic evaluation. Two coronal sections of brain 2 mm rostral and caudal to the injection tract were taken and sections were cut at 4 l and stained with hematoxylin and eosin (H&E).
Therapy studies
In the first experiment, animals were treated at 13 d after implantation at which time the estimated tumor size was 20-25 mm 3 (''small'' tumors). The rats were randomized into six experimental groups of 5-18 animals each and treated as shown in Table 2 . In the second experiment, rats were treated at 17 d after tumor implantation, at which time the calculated tumor volume, based on MRI measurements, was *60-80 mm 3 . The animals were randomized into four groups and stratified and treated as shown in Table 3 . RT was initiated 14 or 18 days after implantation of F98 glioma cells, and 24 h following termination of either CED (20 lg in 10 ll at a flow rate of 0.33 ll/min) or a 7 d infusion of carboplatin (84 lg at a rate of 1 ll/h delivered from d 7 to d 13) or normal saline, which was administered as a vehicle control. Rats received a dose of 15 Gy in three consecutive daily fractions of 5 Gy each at a dose rate of 2.5 Gy/min, delivered by a 6 MV Siemens linear accelerator (LINAC) to the whole brain. All irradiated animals were anesthetized with mixture of ketamine (72 mg/kg body weight) and xylazine (12 mg/kg body weight) and placed supine on 5 cm of solid water equivalent. The animals' heads then were arranged in a concentric circle with 5-6 rats in each irradiation group. A custom cerrobend block was used, limiting the irradiation to the torso to\5% of the prescribed dose to the brain. The central circular opening of the block (radiation field) had an effective area of 12 cm 2 at a treatment distance of 100 cm (source-tobolus distance). The block edge was placed approximately 1.5 cm from the posterior occipital bone (one fingerbreadth by palpation). One centimeter of tissue equivalent bolus, which had a central opening over the rat's nasal area to permit ventilation, was then placed over their heads. Using an a/b ratio of 10 for acute (tumor) effects and 2 for late effects, the 15 Gy dose was equivalent to 18.75 Gy in acute effects and 26.25 Gy in late effects at conventional 2-Gy fractions; the corresponding values for three 8 Gy fractions were 32.8 and 53.4 Gy. Current standard post surgical treatment for patients with glioblastomas (GBMs) consists of RT with the concomitant administration of temozolomide [24, 25] . In order to compare this treatment to the combination of i.c. carboplatin, we initiated the following study. F98 glioma cells (10 3 ) were implanted into the brains of 30 Fischer rats and animals were stratified and treated as shown in Table 4 . TMZ capsules (Temodar, Bayer Pharmaceutical Corp. Pittsburgh, PA) were dissolved in normal saline containing 10% dimethylsulfoxide and was administered either orally in daily doses of 80 mg/ kg b.w. for 5 d by gavage or i.c. by CED (1.5 mg in 15 ll at a flow rate of 0.5 ll/min for 30 min).
Evaluation of therapeutic response
All experimental animals were weighed three times per week and their clinical status was evaluated at the same time. Once the animals had progressively growing tumors, as evidenced by the combination of sustained weight loss, ataxia and peri-orbital hemorrhage, they were euthanized in order to minimize their discomfort. Survival times were determined by adding 1 day to the time between tumor implantation and euthanization. Rats surviving [180 d were designated long term survivors and were euthanized. The brains of all animals in the therapy studies were removed after death, and processed for neuropathologic examination, stained with H&E, and examined microscopically to assess the neuropathologic changes.
Statistical evaluation of data
For the in vitro cytotoxicity data and the in vivo biodistribution data, the means and standard deviations (SE) were computed for carboplatin in tumor, brain around tumor (BAT), ipsilateral (tumor bearing) and contralateral (nontumor bearing) cerebral hemispheres, and blood. To study the effects of treatment on survival of F98 glioma bearing rats, the mean survival time (MST), standard error (SE), and median survival time (MeST) were calculated for each group using the Kaplan-Meier estimate [33] and survival curves also were plotted for each group. An overall log rank test was performed to test for equality of survival curves over the six groups. The a priori hypotheses involved a comparison of CED versus pump delivery of carboplatin ? X-irradiation versus CED of carboplatin or X-irradiation alone in F98 glioma bearing rats. The Wald test was used for these comparisons after fitting the data with a Cox model, with a Bonferroni method of adjustment for the multiple comparisons [34] . The percent increased life span was determined, as previously described [19] .
Results
In vitro cytotoxicity of carboplatin combined with X-irradiation
The survival plots for cells that were exposed to either carboplatin alone or carboplatin ? X-irradiation (7 Gy) are shown in Fig. 1a . The S.F. of the glioma cells decreased with increasing doses of carboplatin from 0 to 5 lg/ml. The D 10 value for cells treated with carboplatin alone was 2.5 lg/ml. X-irradiation further reduced the S.F. to 0.0194. The S.F. was \0.1% following treatment with 5 lg/ml of carboplatin either alone or in combination with X-irradiation and this decreased to \0.0001 in the presence of 7.5 lg/ml of carboplatin. Based on these studies, it was concluded that a drug concentration of 3.5 lg/ml killed )99% of the tumor cells. The effects of varying doses of X-rays either alone or following pretreatment with either 1 or 2.5 lg/ml carboplatin are shown in Fig. 1b . As expected, the combination produced dose dependent reductions in the S.F.s with a maximum effect of 17.5 Gy (S.F = 1.17 9 10 -3 with 1 lg and 2.6 9 10 -4 with 2.5 lg of carboplatin). The sensitization enhancement ratios (SER) obtained using carboplatin at a concentration of 1 lg/ml, followed by X-irradiation at 2.5, 5 or 10 Gy, were all very similar (3.34, 2.76 and 2.88, respectively). In contrast, when cells were pretreated with a 2.5 lg/ml of carboplatin, there was a marked increase in the SERs observed following irradiation with 2.5, 5, and 10 Gy (36.75, 16.86, and 13.42, respectively).
Analysis of the in vitro data using the method of Chou and Talalay [29] [30] [31] revealed that the single treatment with carboplatin or X-irradiation alone showed reasonably good r values (r = 0.940 and r = 0.982, respectively) indicating the assays were carried out properly. The killing effectiveness of X-irradiation was IC 50 = 1.04 Gy and for carboplatin IC 50 = 0.437 lg/ml. A plot of the X-irradiation data yielded a sigmoidal dose-effect curve (m [ 1) and carboplatin alone gave hyperbolic dose-effect curve (m & 1). All six data points for the combination had CI values ranging from 0.297 to 0.586, which clearly indicated synergism, as shown by the F a -CI plot (Chou-Talalay plot) (Fig. 2a) and by the normalized isobologram (Chou-Chou graphics) (Fig. 2b) . Further analysis revealed a dose-reduction index (DRI) of 2.10-6.79 fold for X-irradiation and 4.31-180.4 fold for carboplatin (Fig. 2c) , which clearly demonstrated a favorable DRI of[1 for the combination. This suggests that there also could be a dose reduction in vivo, which would reduce normal brain toxicity or permit a slight escalation in dose, depending on the maximum tolerated dose. Furthermore, the toxicities of X-irradiation and carboplatin would not overlap due to the different molecular mechanisms by which they kill cells. Similar experiments also were carried out with varying doses of X-rays, but at a lower concentration of carboplatin (1 lg/ml) (data not shown). In this design, only 2 of 6 data points showed synergism. These results suggest that in future studies, even higher doses of carboplatin and lower doses of X-rays might be even more efficacious than those that were used in the present study. 
Biodistribution of carboplatin
As determined by ICP-OES, the distribution of carboplatin in tumor, normal, brain, blood, liver and kidney are shown in Table 1 . Following CED of 20 lg of carboplatin, the tumor drug concentration was 10.4 lg/g, low in normal brain and undetectable in blood, kidney and liver. Following i.v. administration of carboplatin at concentrations of 25 or 100 mg/kg b.w., the tumor drug concentrations were 4.1 and 9.8 lg/g, respectively, and the normal brain concentrations were 8.4 and 11.3 lg/g. In contrast to the CED data, following i.v. injection, carboplatin concentrations in the liver and kidneys were very high (Table 1) . It is noteworthy that the tumor drug concentrations were equivalent following CED of 20 lg and i.v. administration of 20 mg of carboplatin (10.4 and 9.8 lg/g, respectively), despite the fact that there was a 1,000 fold difference in the amount administered (20 lg versus 20,000 lg).
The distribution of a carboplatin-Gd-DTPA mixture following CED was determined by T1-weighted MRI studies. The volumes of distribution (V d ), as a function of time were calculated from T1-weight images following CED of 20 lg carboplatin mixed with Gd-DTPA (Fig. 3a) . The V d was 278-377 mm 3 between 0.5 and 3 h following CED of 20 ll of the infusates and the V d /V i ratio ranged from 13.3 to 18.8. A representative MR image is shown in Fig. 3b . There was intense uptake of Gd-DTPA in the tumor and in the peritumoral white matter indicating more efficient dispersion of the mixture by CED than would have been possible by direct i.t. injection.
Neurotoxicologic evaluation
The neuropathologic findings were all based on microscopic examination of H&E stained coronal sections, since there were no grossly evident pathologic changes. Carboplatin Fig. 2 Analysis of clonogenic survival data shown in Fig. 1 . a Combination index (CI) plot based on the Chou-Talalay equation (29) (30) (31) and the computerized quantitation (32) . The CI was plotted as a function of fractional effect levels (f a ) (e.g., for 50% inhibition, f a = 0.5) where CI\1, =1, and[1 indicate synergism, additive effect and antagonism, respectively. b Normalized isobologram for the nonconstant ratio combinations. The normalized doses are given on the yand x-axis for X-irradiation (D 1 /Dx 1 ) and carboplatin (D 2 /Dx 2 ), respectively. When a combination data point falls on the diagonal, it indicates additive effect, and when it falls in the lower left or upper right quadrants of the diagonal, it indicates synergism or antagonism, respectively (31) . c F a -DRI plot where the dose-reduction index (DRI) was plotted as a function of the fractional effect levels (f a ). DRI indicates how many folds dose-reduction would be allowed at a given effect for the synergistic combination. Therefore, DRI [ 1 or log (DRI) [ 0 indicates favorable dose-reduction, and DRI \ 1 or a negative log (DRI) value indicates an unfavorable dose reduction (31) . The log (DRI) used here was selected to avoid high DRI values from falling out of scale. All plots were generated automatically by computer software (32) after entering dose-effect data into the computer for the drug alone or X-irradiation, and their combinations 5 F98 glioma cells were implanted into the right caudate nucleus of Fischer rats. 12-14 days later, rats received an i.v. injection of carboplatin and were euthanized 2.5 h later. Alternatively, 20 lg of carboplatin was administered i.c. by CED in a volume of 10 ll for 30 min at a flow rate of 0.33 ll/min. Following termination of the infusion, they were immediately euthanized, and the tumors and normal tissues were collected for platinum concentrations and carboplatin were determined by ICP-OES and based on these values, the drug concentrations were calculated was administered by either CED (10 ll) at a flow rate of 0.33 ll/min for 30 min or by Alzet osmotic pumps (Durect Corp., Cupertino, CA) over 7 days (at a flow rate of 1 ll/h) and the rats were euthanized either on d 14 or d 21. The brains of rats that received a dose of 40 lg of carboplatin by CED or 168 lg over 7 d by Alzet pumps showed focal necrosis, neuronal loss and edema at the site of infusion (Fig. 4b, c, d ). In contrast, the brains of animals that received 20 lg of carboplatin by CED over 30 min or 84 lg over 7 d by Alzet pumps only showed minimal reactive inflammation and gliosis in the regions immediately surrounding the needle track and these doses subsequently were used in the therapy studies. The combined effect of carboplatin and X-irradiation then was evaluated. Rats that had received carboplatin by CED (20 lg in 10 ll over 30 min) or Alzet pumps (84 lg over 168 h) followed 24 h later by fractionated doses of 15 Gy (3 9 5 Gy) showed no histopathologic evidence of neurotoxicity at 3 d, 3 weeks, or 3 months following irradiation. In contrast, animals that received 40 lg of carboplatin either alone or in combination with 15 Gy of irradiation (3 9 5 Gy) showed evidence of significant neurotoxicity (Fig. 4b, c, d ).
Therapeutic efficacy of carboplatin alone or in combination with X-irradiation
Two experiments were carried out to assess therapeutic efficacy. In the first, rats were treated at 13 d following implantation of 10 3 F98 glioma cells at which time the tumor volume was *25-30 mm 3 . The survival data are summarized in Table 2 and the Kaplan-Meier survival plots are shown in Fig. 5a . Rats that received carboplatin alone by CED had a MST of 55.2 ± 7.8 d, which was significantly longer than that of X-irradiated rats (31.8 ± 1.2 d) (P \ 0.001). Animals that received CED of carboplatin in combination with X-irradiation had a MST of 83.4 ± 13.1 d, with 22% of the rats surviving for 180 d at which time they were considered to be cured. Animals that received 84 lg carboplatin over 7 d by Alzet osmotic pumps had a MST of 77.2 ± 23.0 d without X-irradiation and 111.8 ± 31.5 d in combination with X-irradiation and 22% of the latter survived to 180 d, at which time they were euthanized. The improved survival data of these animals in part may have been due to the fact that therapy was initiated on d 7 at which time they had very small tumors. In the second experiment, rats were treated at 17 d following implantation of 10 3 F98 glioma cells at which time tumor size was *60-80 mm 3 . The survival data of these animals are summarized in Table 3 and the Kaplan-Meier survival plots are shown in Fig. 5b . The MSTs of untreated and X-irradiated rats were equivalent to those obtained in the first experiment. In contrast, rats bearing larger tumors that had received carboplatin by CED had a MST of 34.9 ± 8.2 d and those that received the combination treatment had a MST of 44.9 ± 3.5 d. These results clearly demonstrated that tumor size was an important determinant of the response to therapy and animals with small tumors were more responsive than those with larger tumors. None of the brains of the cured rats showed any evidence of residual tumor cells. There was a spectrum of neuropathologic changes including scattered foci of basophilic ''debris'' and dystrophic calcification, loss of varying amounts of white matter, and occasional lymphocytes (Fig. 4a) .
Therapeutic response after therapy with temozolomide alone or in combination with X-irradiation
The survival data following oral administration or CED of TMZ with or without X-irradiation in F98 glioma bearing rats are summarized in Table 4 . X-irradiated rats had a c Same animal as (B) but another area within the white matter that showed microscopic foci of hemorrhage and an infiltrate of foamy macrophages (2009). d Brain of a non-tumor bearing rat that received 40 lg of carboplatin by CED followed by three 5 Gy fractions of X-rays and was euthanized 3 weeks later. There was white matter necrosis, scattered lymphocytes and macrophages, and calcified cellular debris (400x). Based on these observations a dose of 20 lg of carboplatin alone or in combination with X-irradiation was selected for therapy studies 
Discussion
The purpose of the present study was to extend observations, previously reported by several of us [19, 20] on the efficacy of i.c. CED of carboplatin in combination with X-irradiation for the treatment of the F98 glioma. Biodistribution studies revealed that CED of 20 lg of carboplatin to F98 glioma bearing rats resulted in a tumor drug (*20 mg/rat), a lethal dose [11] , that was 1,000 times greater than that administered by CED. This clearly demonstrated the ability of CED to achieve tumor drug concentrations that exceeded by 3 orders of magnitude those that could be attained following systemic administration. In vitro pre-exposure of F98 cells to 5 lg of carboplatin, followed by a 7 Gy dose of X-rays, reduced the S.F. to \0.0006. This can be correlated with the prolonged survival times that were seen in our in vivo studies where the estimated carboplatin concentration after CED was 10.4 lg and the total radiation dose was 15 Gy. As shown in Fig. 2 , the in vitro demonstration of synergy provides proof-ofconcept and the rationale for the design of a clinical trial, which would include CED of carboplatin in combination with X-irradiation. Rats bearing small tumors had longer MSTs than those observed in animals bearing large tumors. One possible explanation for this was less effective dispersion of carboplatin within larger tumors. Although CED was superior to direct i.t. injection [18] , this technique for drug delivery to the brain is still a work in progress and there is a significant need for improvement [35] . The increased interstitial fluid pressure in both human and rodent intracranial (i.c.) tumors [36] , as well as constituents of the extracellular matrix, which may impede the dispersion of therapeutic agents within the tumor [37] , are significant problems that must be surmounted. These factors may in part explain differences in the therapeutic response of rats bearing small versus large tumors. Prolonged infusion of carboplatin by means of Alzet osmotic pumps yielded the longest MST, and 2 of 5 rats were cured of their tumors. However, it should be pointed out that therapy was initiated on d 7 at which time the tumor size was much smaller than that on d14, when CED was initiated. In contrast to carboplatin, TMZ readily crosses the BBB [38] . This clearly was evident from our therapy study comparing oral administration of TMZ by gavage with i.c. CED of the drug. Rats that received TMZ by CED in combination with X-irradiation had a slightly longer MST compared to that of animals that had received the drug orally with a broadening of the range. These results are in agreement with recently reported studies that compared the therapeutic efficacy of i.c. TMZ impregnated wafers or oral TMZ, alone or in combination with X-irradiation in F98 glioma bearing rats [39] . Modest increases in survival times were seen in those animals that received i.c. TMZ plus X-irradiation compared to those that received it orally, but this was not statistically significant when compared to X-irradiation alone. It is noteworthy that in the present study the MSTs obtained with the combination of carboplatin and X-irradiation were far superior to those obtained with TMZ and photon irradiation. This correlates well with our in vitro data that demonstrated a tenfold increase in the SER when cells were pretreated with carboplatin at a concentration of 2.5 lg/ml and irradiated with 2.5 Gy of X-rays (36.75) compared to 3.34 when they were treated with 1 lg/ml. Furthermore, the SER decreased as a function of the X-ray dose. As shown in Fig. 2 , analysis of the in vitro cell survival data using the Chou-Talalay method clearly revealed that the combination of carboplatin and X-irradiation was strongly synergistic.
Our chemotherapy results in the F98 glioma model are in good agreement with those previously reported by Olivi et al. [40] using carboplatin-loaded biodegradable polymers for treatment of this same tumor. They reported therapeutic efficacy was dose-related with an increasing number of early deaths associated with escalating doses of the drug up to 0.5 mg. In our study, using Alzet osmotic pumps, the amount of carboplatin administered was 84 lg, which was below that used by Olivi et al. [40] This was well tolerated and resulted in 20% long-term survivors in combination with RT and 17% without it. At least with chemosensitive tumors, there has been a clear relationship between the therapeutic response and increasing both the concentration and duration of exposure to carboplatin [40] [41] [42] or cisplatin [43] . Using the RG2 rat glioma model, with tumor cells implanted into the cortex, Carson and his co-workers have shown that carboplatin, delivered by osmotic pumps into the brainstems of rats bearing F98 gliomas, significantly enhanced their survival [44, 45] . It is noteworthy that in this study the brainstem was not damaged by direct infusion of 200 ll of carboplatin (0.5 mg/ ml), and that there was no neurotoxicity until a lethal dose (dose C1.0 mg/ml) was administered. However, in a recently reported study by the same group, up to 3 catheters were used to infuse carboplatin into the brainstems of nontumor bearing Fischer rats [46] using Alzet TM osmotic pumps. Animals that received carboplatin showed some relevant neurological impairment during infusion compared to controls, and this persisted. It was concluded that carboplatin related neurotoxicity was important if the drug was infused into functional, highly eloquent structures of the brainstem.
Degen et al. [47] carried out a dose-escalation study of CED of carboplatin into the striatum of non-tumor bearing rats. No toxicity was observed with doses of 0.1 and 1.0 mg/ml, but occurred in rats that had received 10 ll of the highest dose of carboplatin (100 lg) with 2 of 4 of these animals dying. Tange et al. [48] recently reported on the therapeutic efficacy of carboplatin (0.1 mg/ml) administered by means of Alzet osmotic pumps tumors (1 ll/h during 7 d.) to 9 l gliosarcoma bearing rats. Serial MR imaging was carried out and this showed significantly smaller tumor volumes and an increased MST of 60 d. with a subset (3 of 8 rats) of long term surviving [100 d. These two studies are in concordance with our previously published data on i.c. delivery of carboplatin [19, 20] , as well as those reported in the present study.
There is a paucity of data on the effects of direct administration of cisplatin or carboplatin into the human brain. There are only two clinical reports describing the direct i.c. infusion of platinated drugs for glioma treatment. Bouvier et al. [49] infused 8.3 mg of cisplatin over 10 days into the left frontoparietal lobe of a patient with a recurrent GBM using 68 catheters, each connected to an Alzet pump. No adverse side effects associated with catheter implantation, chemotherapy, or catheter removal were reported. Nevertheless, the tumor recurred and the patient died 6 months later. However, it should be pointed out that these studies were carried out almost 25 years ago at which time the rules for clinical studies were quite different than they are today. Alzet pumps were not then nor are they now manufactured for human use. Furthermore, they have not been approved by the Food and Drug Administration for this purpose, which effectively precludes their clinical use. In the second study [50] , cisplatin was incorporated into biodegradable polymers and these were placed into the resection cavity following subtotal removal of the GBM. The patients received RT (2 Gy fractions for a total dose of 60 Gy) beginning 2 weeks after surgery. Complete biodegradation of the cisplatin containing discs had occurred by 4-5 weeks following their placement. Although there was no autopsy data to indicate what, if any, neuropathologic changes had occurred in the treated patients, clinically the treatment appeared to have been well-tolerated and significantly increased (P = 0.00001) the median survival time (427 d compared to 211 d) in GBM patients who had received RT alone.
Where do we go from here? The major problem associated with any therapeutic study carried out using rodent brain tumor models is their relevancy to the treatment of patients with brain tumors [51] . However, one thing is reasonably certain: If it does not ''work'' in rodents, it probably will not work in humans. The rat brain weighs approximately 1.2 g and a human brain weighs 1,200 g, a thousand-fold difference. Although CED has been effective in improving the distribution of a variety of agents in rats with brain tumors, its effectiveness in humans has been much more problematic [14] [15] [16] [17] . However, direct i.c. delivery of therapeutic agents, which bypass the BBB, results in much higher concentrations in the brain tumor and concomitantly lower concentrations in extracranial sites thereby reducing systemic toxicity. This was strikingly demonstrated in the present study where 20 lg of carboplatin administered i.c. by CED resulted in the same tumor drug concentrations as that achieved with a thousand-fold greater amount administered i.v. We have shown both in the present and in our previous studies [19, 20] that i.c. delivery of carboplatin in combination with X-irradiation can produce prolonged survival and even cures of F98 glioma bearing rats. However, the challenge will be to further optimize the delivery and dosing paradigms for both free drug and carboplatin containing nanovehicles, which we currently are evaluating, so that we can obtain comparable survival data in animals with large tumors.
